Abstract Using a broad-band recording system (150 Hz-100 kHz) the echolocation calls of the lesser short-tailed bat (Mystacina tuberculata) were recorded under three very different situations: freeflying, flying within a flight cage, and on release from the hand. Calls of bats landing and feeding on a platform in Wellington Zoo were also recorded. Both the lowest frequency and frequency of peak amplitude of calls were significantly affected by the situation under which calls were recorded. Although the calls of free-flying bats are different from those produced by bats foraging on the ground, it is unlikely that M. tuberculata uses echolocation to locate prey on the ground. No significant differences could be found between the calls emitted by male and female bats, and no consistent relationships were obvious between temporal and spectral call characteristics. There was some evidence to suggest that individual bats could be identified by their echolocation calls.
INTRODUCTION
In a recent paper, Pye (1993) reviewed the problems faced by field workers when recording ultrasound. Pye showed that, even with the best equipment, recordings may not capture sounds accurately. Broadly, factors limiting the fidelity of ultrasound recordings can be split into two categories. First there are physical factors related to sound propagation and recording. Sound attenuation increases rapidly as frequency increases (Griffin 1971; Lawrence & Simmons 1982) , leading to uneven transmission of frequency-modulated echolocation calls. Also, high frequency sounds are highly directional, as are the microphones designed to record them. A bat may approach a microphone from any angle, thereby introducing variation in the spectrum of a recorded call. A moving sound source such as a flying bat may provide a further source of error through the Doppler effect (Pye 1993) .
Second, there are biological/behavioural factors related to the subject being recorded. It has long been known that the echolocation calls of microchiropteran bats are flexible. Griffin et al. (1960) first noted that the duration and spectral characteristics of calls changed depending on the task a bat was performing. Their work has given rise to a large body of papers describing various characteristics of search, approach, and terminal phase calls. Other studies have demonstrated that calls also vary between species. For example, there are correlations between echolocation call type and habitat type (see Neuweiler 1990 for a comprehensive review). Investigations into the variability of calls within species have focused mainly on the effect of morphology and related factors such as sex. Although not found consistently throughout the microchiroptera, relationships have been found between such features as forearm length and frequency of peak amplitude of a call (Jones et al. 1993) . There is also evidence of intersexual differences in call structure within species (Neuweiler et al. 1987) .
Ideally, studies of the echolocation calls of bats should take place in the field under natural New Zealand Journal of Zoology, 1998, Vol. 25 conditions and with free-flying, undisturbed bats. Our ability to analyse such calls is severely constrained because it is not possible to correlate individual calls with individual bats. For this reason, many studies on the sources of variability in bat calls have taken place in the laboratory, in flight cages, or using hand-released bats. However, there is mounting evidence to show that bats recorded under such conditions do not produce the same calls as free-flying individuals (Kutt 1993; Surlykke et al. 1993) .
The lesser short-tailed bat {Mystacina tuberculata) is reportedly one of the most highly terrestrial bats (Daniel 1990) . It possesses several features unique amongst the Chiroptera, which aid its ability to move about on the ground, including the manner in which it folds and protects its wings (Dwyer 1962 ) and the presence of basal talons on its hind feet (Daniel 1979) . Mystacina tuberculata is also reported to feed on a wide variety of food types (Daniel 1976 (Daniel ,1979 . The lesser short-tailed bat is generally classified as a gleaner, since dietary studies show that >50% of the summer diet consists of terrestrial insects (Arkins 1996) . Mystacina tuberculata also spends large amounts of time in trees and on the ground feeding on nectar and pollen (A. Wilmington pers. comm.). Although it is assumed that lesser short-tailed bats catch aerial insects by means of echolocation, nothing is known about how they forage on the ground.
In this study I investigate the echolocation calls of the lesser short-tailed bat under three different recording conditions (free-flying in their natural habitat, flying within a flight cage, and being released from the hand), and also discuss whether the calls made while on the ground can be used to locate insect prey.
MATERIALS AND METHODS
Echolocation calls were recorded using a Racal Store 4DS tape recorder running at 30 inches/s (76.2 cm/s), at which the frequency response is 150 Hz-150 kHz + 3 dB and signal to noise ratio is 40 dB. I used a Briiel and Kjaer (B & K) 1/4" microphone (model 4135). This microphone has a dynamic range of 39-164 dB and a frequency response of4Hz-100kHz±2dB.
I first made tape transcripts by listening to the tapes at 1/4 of the recording speed, noting the spoken comments and the location on tape of sections with high quality recordings (i.e., good signal to noise ratio) of search phase echolocation calls. These sections of tape were then replayed at 1/4 of the recording speed and digitised onto a Macintosh Ilex computer using a 16 bit analogue to digital conversion board (Spectral Innovations KP256KN1). I used Spectral Innovations' MacDSP software to digitise the sounds at the a/d board's maximum sampling rate of 125 kHz; hence, the effective sampling rate was 500 kHz. To avoid aliasing, all calls were filtered with a 48 dB/octave Kemo (model VBF/8) low-pass filter set at 57 kHz (effective cut-off frequency = 228 kHz). Once digitised, the calls were transferred into "Canary" software (v 1.2, Cornell Ornithology Laboratory, Cornell University) for detailed analysis.
Using Canary, running on a Power Macintosh 8500,1 generated 4096 point FFT spectra with a clipping level of-210dB, and using a Hamming windowing function. A frame overlap of 87.5% was used to increase resolution in the time domain. Using Canary's data log function, I measured the highest and lowest frequency of each call (FMax and FMin) visually from spectral plots, and frequency of peak amplitude (EMax). Consistency of clipping level ensured that all calls were measured at the same point with respect to the background noise. Call duration was measured from the waveform, from signal onset to when the signal decayed to the background noise level. Measured data were then transferred to Minitab (Minitab Inc., State College, Pennsylvania) and DataDesk (Data Descriptions, Ithaca, New York) statistical packages for analysis.
Kauri forest lesser short-tailed bats (M. tuberculata aupourica ; Daniel 1990 ) were recorded on Little Barrier Island in the Hauraki Gulf. Recordings of free-flying bats were made in a steep sided, scree-lined gully near a large communal roost. The gully was in dense podocarp/hardwood forest. Mist netting after recording showed that both males and females were flying in the gully.
Recordings of captive bats were made in the Little Barrier Island aviary. The aviary is c. 5 m long, 3 m wide, and 3 m high. The walls of the aviary were lined with plastic mesh with an aperture of c. 0.5 cm. Six bats (three male, three female) were released into the aviary and recorded during the subsequent hour. Individuals were not marked and only bats in flight were recorded.
Nine different bats (five male, four female) were recorded on release from the hand. Recordings were made with the microphone directly in front of the bats, c. 10 cm away, and within 4 h of initial mistnetting.
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Recordings were also made from six southern lesser short-tailed bats (M tuberculata tuberculata ; Daniel 1990 ) living in a flight cage at Wellington Zoo. The cage is c. 6 m long, 4 m wide, and 3 m high. It is lined with mesh similar to that used in the Little Barrier Island aviary. Bats were recorded as they flew inside the cage. Recordings were made as the bats landed on a feeding platform and as they searched for sugar-water, moths, meal-worms, and other insects while on the ground. Only bats landing on the platform could be positively identified.
RESULTS
The calls of bats recorded on Little Barrier Island in the three different recording situations (aviary, freeflying, hand-release) were all very similar in structure and in the magnitude of measured variables. All calls were broad-band frequency modulated sweeps and contained multiple harmonics. Up to three harmonics were visible within the recording range of the microphone. Most power was in the second or third harmonics (Fig. 1) . Calls (fundamental) recorded from hand-released bats were the longest in duration, whereas calls from aviary bats were the most broad-band, on average sweeping through just under 17 kHz (Table 1) . Calls recorded from aviary bats were also the shortest and had the highest EMax. Calls of free-flying bats had on average the smallest frequency sweep.
Parameters measured from the fundamental of calls from aviary, hand released, and free-flying bats were compared using 1-way multiple analysis of variance (MANOVA) . Although the number of bats in the aviary was known, calls could not be assigned to individual bats. Therefore, the calls were randomly assigned to one of nine groups each representing a bat in the aviary. To avoid pseudo-replication, mean values for each call parameter were calculated for each group, and these means used for the MANOVA.
The situation for calls recorded from free-flying bats was more complicated. In this situation, calls could not be assigned to individual bats, and the exact number of bats recorded was not known. From the number of times an echolocating bat passed by the microphone, I assumed a sample size of 28. Individual calls were then assigned to one of 28 groups based on the pass to which they belonged. To avoid pseudo-replication, mean values for each call parameter were calculated for each group, and these means used for the MANOVA. Results showed significant differences between aviary, hand-released, and freeflying bats for FMin (F = 5.37, P < 0.05) and EMax (F = 5.49, P< 0.01).
Calls from hand-released bats were analysed by nested analysis of variance to determine if there was any significant variation between the calls of male and female bats, and between individuals. No significant difference was found between the calls of males and females. However, call duration (F = 42.30; P< 0.0001), FMax (F = 17.05; P< 0.001), and FMin (F = 3.88; P < 0.01) all varied significantly Table 1 Summary statistics for parameters measured from the echolocation calls (fundamental) of bats on Little Barrier Island. Recordings were made while bats were either flying within the aviary, being released from the hand, or in free-flight. Values are based on sample sizes of: N bats (aviary) = 6, N bats (hand-released) = 9, A^ (free-flying) = 28. between individuals. To test how well individuals could be classified from the temporal and spectral features of their echolocation calls, I used discriminant function analysis with cross-validation. Only three of the nine bats (one female and two males) could be reliably classified (proportion correct = 67, 84, 83%, respectively). All other individuals had correct classification rates of 50% or less (Table 2) .
Calls emitted during landing and terrestrial foraging were recorded from a captive population of short-tailed bats in Wellington Zoo. Calls were recorded from bats flying in a flight enclosure, approaching a feeding platform within the enclosure, and while foraging on the platform. All the calls were very similar (Table 3) . Calls were frequency modulated sweeps, and three harmonics could be seen within the frequency response of the microphone. While the bats were flying, most power was in the second or third harmonics of the calls (Fig. 2) . However, as bats approached the platform, the call repetition rate increased and most energy switched to the fundamental (Fig. 2) . Only two of the five bats echolocated after landing, but all these calls had most power in the fundamental.
The calls emitted during flight around the aviary, during landing on a feeding platform, and while looking for food on the tray were compared. All six bats were recorded in free-flight around the aviary, although calls could not be attributed to individual bats. Five bats were recorded while approaching and landing on the feeding platform. Of those five, only two echolocated while on the platform and while searching for food. Call parameters measured from the fundamental of calls from flying, approaching, and platform bats were compared using 1 -way multiple analysis of variance (MANOVA). Although the number of bats flying around the aviary (i.e., not approaching or on the feeding platform) was known, calls could not be assigned to individual bats. Therefore, the calls were randomly assigned to one of six groups, each representing a bat in flight. To avoid pseudo-replication, mean values for each call parameter measured from flying bats (i.e., not approaching or on the feeding platform) were calculated for each group and these means used for the MANOVA. Results showed significant differences between the recording situations for FMax (F = 5.80, P < 0.05) and EMax (F = 14.64, P < 0.01).
DISCUSSION
The six bats studied in Wellington Zoo represent the only lesser short-tailed bats held permanently in captivity. Field trials were limited by my ability to capture and study isolated populations without causing undue disturbance to this endangered species. The resulting low sample sizes have limited the power of statistical tests. This should be kept in mind when interpreting these results.
Evidence presented here suggests that the signals recorded from lesser short-tailed bats are significantly different according to the recording context. Two obvious explanations can be suggested to account for these differences. First, variation in sound transmission and/or shortcomings in recording and analytical techniques can make the calls appear to be different, even though they were not at the time of production by the bats. Second, bats alter the structure of their call in different recording situations. Although the shortcomings of current Table 3 Summary statistics for parameters measured from the echolocation calls (fundamental) of bats in the aviary at Wellington Zoo. Bats were recorded when flying in the aviary, approaching a feeding platform, and feeding on the platform. iV bats (free-flying) = 6,7V bats (approach) = 5, /V bats (ground) = 2. recording and analytical techniques have been recently reviewed (Pye 1992 (Pye ,1993 , few studies have investigated how calls vary when recorded under different artificial conditions.
Recording captive or hand-released bats allows researchers a great deal of control over the situation in which bats emit their calls. With the exception of several studies using stereo multi-flash photography (e.g., Kalko & Schnitzler 1989 , much of what is known about echolocation calls could not have been determined easily without such control. However, examples of contrary results from laboratory and field based experiments do exist. Surlykke et al. (1993) found that Craseonycteris thonglongyai flying in a net cage used calls similar to those recorded from the feeding buzzes of free-flying individuals, although captive individuals of the same species used less intense calls of shorter duration and reduced frequency modulation, and with an increased repetition rate. Kurt (1993) also noted that captive Vespedalus vultunus used narrower band, shorter duration calls than free-flying individuals. These changes in call structure could also be explained by a need to locate objects at much shorter range. They are similar in structure to those calls produced during approach to roosts and during prey capture (Neuweiler 1990; Kalko & Schnitzler 1993) . This is not surprising considering the situations under which the calls were recorded. However, researchers should not assume that the calls of bats flying in cages are the same as "natural" calls.
Reference signals are often obtained from bats released from the hand, as individuals can be positively identified, weighed, sexed, and measured and then their echolocation calls recorded (e.g., Jones et al. 1993) . By recording bats this way, researchers can control the effect of variables such as sound attenuation or angle of the bat from the microphone, which is seldom possible with free-flying bats in the wild. The problems of analysing free-flight calls are clearly evident in this paper. Unfortunately, recordings made in the hand almost certainly refer to animals that are stressed and disorientated, producing calls that may be different to those produced by freeflying bats.
The echolocation calls of bats are highly plastic. It is generally agreed that as a bat approaches a target, say a prey item or roost entrance, the characteristics of its calls change from being optimised for target localisation, to being optimised for target tracking (Masters et al. 1991) . When approaching a target, call repetition rate increases, calls become progressively shorter to minimise pulse-echo overlap, and the frequency of the calls decreases (Kalko & Schnitzler 1989 . This decrease in frequency is generally reflected in a decrease in EMax. Although changes in call structure are progressive, in most cases the final part of the sequence, the terminal buzz, is distinct both to the ear, and statistically (Parsons et al. 1997) . In this study, only qualitative comparisons are possible due to low sample sizes and low statistical power. As M. tuberculata approached the platform, the call repetition rate increased but no terminal buzz was obvious. There was no statistical evidence to suggest that call duration decreased. Although the structure of the fundamental did not appear to alter radically in this study, the shift in power from the harmonics to the fundamental does equate to a change in EMax. The use of multi-harmonic signals, especially when landing, may aid range discrimination (Simmons & Stein 1980; Roverud 1989) . The shift down in frequency of EMax as the bats approached the platform may simply be a by-product of the shift in power from the harmonics to the fundamental.
Recent studies have shown that, in summer, terrestrial insects comprise >50% of the diet of lesser short-tailed bats (Arkins 1996) . Foraging for insects on the ground among leaf litter may represent the greatest challenge to an echolocating bat in terms of clutter rejection. Bats foraging on the ground must avoid not only prey echoes being masked by emitted signals but also echoes from the surrounding clutter. If it is assumed that bats cannot tolerate pulse-echo overlap (e.g., Simmons 1973; Neumann & Schuller 1991; Kalko & Schnitzler 1993) , then prey items that are too close to the bat emitting the pulse or too close to background clutter can be hidden. Although broad-band multi-harmonic signals such as those used by M. tuberculata have been shown to be excellent for clutter rejection (Simmons & Stein 1980; Masters et al. 1991) , this ability still relies on a clear separation between pulse and echo. The duration of calls produced by bats in this study suggest that pulse-echo overlap would be a significant problem for ground-foraging individuals.
Laboratory experiments have suggested that some species of bat use texture mapping to distinguish between targets of interest and background clutter (Habersetzler& Volger 1983; Schmidt 1988) , based on spectral cues found in returning echoes (Simmons et al. 1974) . However, the results of field trials suggest that such detailed information is not used by "naturally" foraging bats. Barclay & Brigham (1994) suggested that foraging bats lacked enough time between detection and capture to process such detailed information. This interpretation assumes that bats are foraging in flight. When foraging on the ground, M. tuberculata is not similarly constrained. Those species so far shown to be capable of texture discrimination all emit signals with spectral characteristics similar to those ofM. tuberculata; that is, multi-harmonic broad-band signals (e.g., Myotis myotis, Megaderma lyra, Eptesicus fuscus).
It is possible that M. tuberculata does not use echolocation at all when foraging on the ground. Listening for sounds produced by prey items is common in gleaning bats (Neuweiler 1990 ). The insectivorous bat Antrozous pallidus locates its prey by the noises emitted by the prey while moving on the ground or under cover. Antrozous does not attack non-moving or silent insects (Bell 1982; Fuzessery et al. 1992) . Audiograms from gleaning species show a high sensitivity at frequencies well below those used in echolocation, but at similar frequencies to the sounds produced by prey items moving on the ground (Riibsamen et al. 1988) .
Differences were found between the calls of individual M. tuberculata of the same sex, and in other species, suggesting that individuals have characteristic call designs Rydell 1993; Masters et al. 1995) . Other studies have also reported differences in call structure between the sexes (Neuweiler et al. 1987; Jones etal. 1992 ), but I found no evidence of such differences in M. tuberculata.
There is evidence that young bats of several species are able to recognise the vocalisations of their mothers, and vice versa (Mohres 1966; Brown et al. 1983; . Recognition of individual calls may not only minimise jamming by nearby conspecifics (Obrist 1995) but may also have a role to play in communication (Fenton 1985) . However, few investigations into the possible role of echolocation in communication between adults have been made. Unintentional communication, via eavesdropping, by foraging bats has been shown in several species (Barclay 1982; Fenton 1986 ). Barclay (1982) showed that individual Myotis lucifugus used the echolocation calls of conspecifics to locate resources such as food, roosts, and mating and hibernation sites. Both Myotis lucifugus and Antrozous pallidus also use modified echolocation calls during agonistic encounters with conspecifics (Brown 1976; Barclay et al. 1979) . Lesser shorttailed bats also use vocal communication. Male bats are thought to sing in order to attract females to mating holes in trees (Daniel 1979) . This singing, although frequency modulated and highly structured, is quite different from their echolocation calls (S. Parsons unpubl. data). Pye (1993) showed that there are many sources of variation to consider when analysing ultrasound. Fortunately, for echolocating bats, their ability to catch insects on the wing is testament to their ability to control such factors. Unfortunately, for the researcher, our ability to understand how they do this, as well as the role of echolocation calls in communication, will be limited by the methods we are able to employ. This study takes us one step further towards understanding these constraints. 
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